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I. INTRODUCTION
Many countries, both developed and developing, have been in the process of trying to phase out incandescent bulbs (IBs) (Waide 2010) . Multi-million dollar investment projects have been GHVLJQHG WR SURFXUH DQG GLVWULEXWH IUHH FRPSDFW ÀXRUHVFHQW ODPSV &)/V WR UHSODFH ,%V LQ millions of households in developing countries such as Bangladesh, Pakistan, the Philippines, and Rwanda. By increasing the prevalence of CFLs, it is expected that households will VDYH HQHUJ\ DQG FXW XWLOLW\ ELOOV DV &)/V SURYLGH VLJQL¿FDQW HQHUJ\ VDYLQJV RYHU ,%V )RU countries, the large-scale switch to CFLs can aid in reducing carbon emissions or help in closing the gap between electricity supply and demand-an issue that is particularly critical in developing countries. Successfully reducing energy demand, however, may require understanding factors that lead to higher adoption and ownership of CFLs. This will enable the creation of policies that can encourage CFL adoption as a utility-maximizing choice. Moreover, it requires understanding the behavioral response of households to the lower unit cost of obtaining HOHFWULFLW\ VHUYLFHV IURP LQFUHDVHG OLJKWLQJ HI¿FLHQF\ ,I KRXVHKROGV DUH SULFHVHQVLWLYH RU FRQVWUDLQHG E\ HOHFWULFDO VXSSO\ WKH EHQH¿WV PD\ EH VLJQL¿FDQWO\ OHVV WKDQ H[SHFWHG GXH WR a rebound effect that increases the demand for electricity services or lighting capacity, and may entail the creation of complementary policies that can further reduce electricity demand to policies that encourage replacement of IBs with CFLs. This paper uses a household-level survey of electrical lighting choices and usage in Pakistan. We investigate household characteristics and behavioral factors that contribute to the adoption and ownership of CFLs within the context of a double hurdle model. We subsequently identify the relationship between CFL adoption and electrical usage with the aim of quantifying rebound effects that occur from CFL adoption.
:KLOH WKHUH DUH PDQ\ VWXGLHV LQYROYLQJ DGRSWLRQ DQG UHERXQG HIIHFW WKLV VWXG\ ¿OOV DQ important gap in the literature. First, most studies have examined the adoption decision in the context of developed countries (e.g., Di Maria, Ferreira, and Lazarova 2010; Herberich, List, and Price 2011 . Given that more households in developing countries are low-income DQG OHVV HGXFDWHG LW LV UHDVRQDEOH WR H[SHFW WR ¿QG VLJQL¿FDQWO\ GLIIHUHQW IDFWRUV GULYLQJ WKH adoption decision that are examined in this paper. Second, the rebound effect in household lighting has largely been ignored with most studies typically focusing on automotive transport, heating, and other household appliances (Sorrell, Dimitropoulos, and Somerville 2009; Brohmann et al. 2009 ). An exception is Foquet and Pearson (2011) , who look at the longrun demand for lighting in Europe using aggregate level data but are not able to attribute the rebound effect due to the adoption of a particular lighting technology. In contrast, we are able to attribute the rebound effect due to the adoption of CFLs and decompose it into the utility effect and capacity. Moreover, this rebound effect is computed based on UHODWLYH HQHUJ\ HI¿FLHQF\ PHDVXUHV DV RSSRVHG WR PRVW HVWLPDWHV RI UHERXQG HIIHFWV WKDW are based on price elasticity, providing a better way to understand how improvements in WHFKQLFDO HI¿FLHQF\ UDWKHU WKDQ SULFH RI HQHUJ\ FDQ LQÀXHQFH WKH GHPDQG IRU HQHUJ\ 7KLV analysis contains important insights for policy makers aiming to encourage CFL adoption and ownership without explicitly providing free CFLs. Moreover, it provides insights into how CFL adoption affects energy demand, which are important in assessing the expected EHQH¿WV WRZDUG UHGXFLQJ HQHUJ\ GHPDQG IURP SURPRWLQJ ZLGHVFDOH DGRSWLRQ The rest of this paper is outlined as follows. Section II provides an overview of the OLWHUDWXUH UHODWHG WR DGRSWLRQ RI HQHUJ\ HI¿FLHQW OLJKWLQJ DQG HOHFWULFLW\ XVDJH RI OLJKWLQJ Section III discusses the data that we use in our sample. Section IV presents the model and results for adoption. Section V discusses CFL adoption and its relation to energy usage. In particular, it focuses on quantifying the direct effect of CFL adoption on energy usage via WKH HI¿FLHQF\ HODVWLFLW\ RI GHPDQG 6HFWLRQ 9, SURYLGHV D GLVFXVVLRQ RI WKH RYHUDOO UHVXOWV Section VII concludes. In this program, households are given up to two CFLs free of cost to replace existing IBs. Thus, understanding factors driving household adoption and ownership of CFLs and how CFL adoption is related to electricity usage is highly important especially given the large investments that are at a stake. At a more general level, our analysis provides valuable insights into the extent to which CFLs may actually provide a solution in developing countries that have severe shortages in electricity supply.
II. BACKGROUND

III. DATA AND DESCRIPTIVES
The Pakistan SEEIP Baseline Domestic Lighting Survey is used as the main basis for analysis. It contains a sample of 3,253 households in Pakistan conducted from 18 March 2009 to 10 April 2009 by Gallup Pakistan. It covers households from nine distribution utilities across 58 districts. 4 The survey collected basic demographic and housing characteristics. It conducted a detailed counting exercise of lighting equipment for the households sampled. In each household, the interviewers recorded the number, wattage, and average daily use in hour for each type of bulb in the living, dining, bedroom, and other rooms (i.e., study, kitchen, etc.). Two records were taken for each type of bulb to capture variations in bulb wattages.
Basic descriptive statistics of the household in the sample are displayed in 7DEOH SURYLGHV VWDWLVWLFV RQ OLJKWLQJ DQG OLJKWLQJ XVDJH IRU KRXVHKROGV ,Q DOO of households have at least one CFL light bulb with 6.81 bulbs per households and average wattage of 315.90. The average household uses 1,305 watt-hours per day. The detail of WKH GDWD DOORZV XV WR IRFXV PRUH VSHFL¿FDOO\ RQ OLJKWLQJ FKRLFHV DQG EHKDYLRU LQ SDUWLFXODU rooms. This captures the decision process behind lighting adoption and electricity usage, that it may be a two-part process, which takes into account overall electricity consumption of the household; and also electricity consumption within a particular room. In what follows, we focus on the living, dining, and bedrooms since most bulbs and lighting electricity usage are concentrated in these three rooms. We construct six variables in two sets for each room, focusing only on the lighting choices and usage of IBs and CFLs within the room. 5 The difference between the two sets is whether the variables take into account the actual OLJKWLQJ HIIHFWV RI GLIIHUHQW W\SHV RI EXOEV 6SHFL¿FDOO\ ZH KDYH WKH DYHUDJH ZDWWKRXUV SHU bulb, average wattage per bulb, and average daily hours used per watt as follows. 
where n, w, and h are the number, wattage, and average daily use in hour for each type of bulb, the superscript indicates the bulb type, and the subscript represents one of the two records taken for one type of bulb. The average watt-hours per bulb is calculated as the sum of total watt-hours of CFL and IB divided by the total number of both types of bulbs, where the total watt-hours of CFL or IB is the product of number, wattage, and average daily use of the bulbs summed across records. The average wattage per bulb equals the sum of total wattage of CFL and IB divided by the total number of bulbs. The average daily hours used per watt is the total watt-hours in the room divided by the total wattage summed over bulb types and records of each type. The other set of three variables we construct take into account the efficiency improvement of CFLs, and could be used to proxy for the lighting output and lighting intensity produced by an average bulb. To yield the same level of lighting output, usually measured in lumens, the IB consumes 4-5 times energy than does CFL. 6 (1) 
awh and aw can be interpreted as virtual average watt-hours and average wattage per bulb, respectively, when all CFLs were replaced with IBs in the room to produce the same lighting. While awh and aw are not intended to measure the actual lumens-hour or lumens yielded, they may proxy for the average lighting output and lighting intensity per bulb, respectively, VLQFH ZKDW UHDOO\ PDWWHUV LV WKH UHODWLYH HI¿FLHQF\ RI &)/ WR ,% LQ WKH IRUPXODV Table 5 presents descriptive statistics of lighting bulbs in the living, dining, and bedrooms, respectively. Among the entire sample of 3,253 households reporting presence of lighting bulbs (any kind), 1,026 were in the living rooms; 685 in the dining rooms; and 2,466 households in the bedrooms. Given that the average number of rooms across the sample is less than three, it is expected that a number of households do not have all three rooms. For households where dining, living, and/or sleeping are in one room, interviewers might have the freedom to categorize the type of the room. 5RRPV ZLWK DW OHDVW RQH &)/ EXOE DFFRXQW IRU DQG RI WKH OLYLQJ dining, and bedrooms, respectively. The living room has the highest CFL penetration probably because on average, more time was spent in it than in other rooms. The average numbers of CFL and IB are 1.1 and 0.5, respectively, in the living room; 1.0 and 0.5 in the dining room, and 1.0 and 0.9 in the bedroom. The data suggest that the CFL has dominated the IB in both extensive margin (penetration) and intensive margin in the main rooms of a typical household in Pakistan. People tend to use more CFL bulbs than IB in the living and dining rooms, but not in the bedrooms.
The sample mean of the average energy consumption of one bulb, computed with equation (1), is 205, 188, and 232 watt-hours in the living, dining, and bedrooms. The energy consumption per bulb can be decomposed into average wattage per bulb, indicated by equation (2); and average daily use in hours per bulb, by equation (3). The means of average wattage and daily use are 42.4 wattage and 4.9 hours, respectively, for the living room; 44.8 wattage and 4.1 hours for the dining room, and 53.5 wattage and 4.3 hours for the bedrooms. On average, the living room has the longest daily use of lighting, while the EHGURRP KDV VLJQL¿FDQWO\ KLJKHU ZDWWDJH SHU EXOE WKDQ GR RWKHU WZR URRP W\SHV 7KH ODWWHU however, does not hold when we account for the different lighting capacities of CFL and IB of the same wattage. (6) are presented in the bottom of each panel in Table 5 . The means of these variables are: 474.0 watt-hours, 93.2 wattage, and 5.0 hours in the living room, 389.7 watt-hours, 90.6 wattage, and 4.2 hours in the dining room, and 406.2 watt-hours, 91.4 wattage, and 4.3 hours in the bedroom, respectively. A few interesting points are noted in comparing the actual and virtual measures. First, the virtual watt-hours and wattage are more than twice as big as the actual ones for the living and dining room, and nearly twice for the bedrooms. This illustrates the substantial energy saving brought by the CFL if the households would like to pursue the same level of lighting in the presence and absence of CFL. Second, WKH DYHUDJH ZDWWDJH SHU EXOE LQ WKH EHGURRP LV ± KLJKHU WKDQ WKRVH LQ WKH OLYLQJ and dining rooms. However, the difference vanishes in terms of lighting capacity per bulb measured by the virtual average wattage. On the other hand, people still seem to prefer a brighter bedroom since there are two bulbs on average in the bedroom while only 1.5 bulbs exist in other room types. The case may be explained if the bedrooms are generally bigger than living or dining rooms in Pakistan. Third, the two measures of the average daily use per bulb are almost the same in means across rooms.
7KH YLUWXDO DYHUDJH ZDWWKRXUV ZDWWDJH DQG GDLO\ XVH SHU EXOE GH¿QHG E\ HTXDWLRQV (4)-
IV. DETERMINANTS OF CFL ADOPTION
Our goal is to investigate the factors determining adoption and ownership of CFLs within the KRXVHKROG DV LW FRQYH\V LPSRUWDQW LQIRUPDWLRQ RQ KRZ WR LQFUHDVH WKH HI¿FLHQF\ RI OLJKWLQJ systems that may lead to reductions in demand for energy. We use a double hurdle model to examine a household's decision to adopt and own CFLs. This model assumes that the CFL DGRSWLRQ GHFLVLRQ LV D WZRVWDJH SURFHVV ZKHUH D KRXVHKROG ¿UVW GHFLGHV WR DGRSW D &)/ (extensive margin) and then decides the number of CFLs that they want to own (intensive margin)
. The CFL adoption decision is modeled as a binomial process while the number of CFLs that are then owned by the household is modeled as a truncated Poisson process. (7) Estimates from the adoption and ownership decision are displayed in Table 6 . Many of the factors that drive initial adoption are shown to also drive the number of CFLs that are owned. Household characteristics appear to have very little bearing on the initial adoption RI &)/V EXW GR IDFWRU VLJQL¿FDQWO\ LQWR WKH QXPEHU RI EXOEV FRQWDLQHG ZLWKLQ WKH KRXVHKROG The wealth of a household, captured by proxies for main income source, number of workers, household ownership, and sturdiness of the housing structure, is positively correlated with JUHDWHU RZQHUVKLS RI &)/V *UHDWHU KRXVHKROG VL]H DOVR OHDGV WR VLJQL¿FDQWO\ PRUH SRVLWLYH purchases of CFLs. The lower relative price of CFLs to IBs and closer proximity appear to increase initial CFL adoption, but has no effect on the number of bulbs owned. Given that the rated life span of CFLs in developed countries is estimated to be at least eight times that of an IB, the majority of the population appears to assume that the life span is considerably lower. This suggests that ensuring a minimum quality standard on CFL life span accompanied with information campaigns on the life span of a CFL bulb UHODWLYH WR DQ ,% FRXOG EH KLJKO\ SURGXFWLYH LQ LQÀXHQFLQJ KRXVHKROGV LQ 3DNLVWDQ WR DGRSW and own more CFLs.
V. CFL ADOPTION AND ENERGY USAGE
The interest in increasing CFL adoption is primarily based on the assumption that CFL adoption will lower overall energy usage. To assess how household adoption of CFLs in each room affects energy usage for lighting, we use the empirical regression model as follows:
where, i indices household, y awh aw ah awh aw , , , , , or ah , and CFL = 1 if there is one or more CFL in the room, and 0 otherwise, X is the vector of respondent and household characteristics such as main income sources, household size and number of workers, number of rooms, property type, etc., D is the dummy for Discos. The model is estimated for each room type.
While E 1 is the key parameter of interest, estimation of E 1 is subject to potential bias arising from the endogeneity of CFL )LUVW RI DOO DGRSWLRQ RI WKH PRUH HQHUJ\ HI¿FLHQW EXOEV DQG HOHFWULFLW\ FRQVXPSWLRQ DUH ERWK LQÀXHQFHG E\ HQHUJ\ VXSSO\ DQG SULFH RI HOHFWULFLW\ The Disco dummy is used to control for potential supply side effects as well as electricity price variations across regions. Secondly, some unobserved household characteristics, such as lighting needs and concerns about the environmental footprint of energy use, may have impacts on both CFL adoption and electricity use. In addition to the basic respondent and household characteristics, we add variables with respect to the awareness of CFL, the understood life span of CFL relative to IB, self-reported major barrier for adopting CFL, and convenience to purchase CFL in an augmented model. These variables are assumed to proxy for the household's attitude toward and knowledge about the CFL, thus controlling for the unobservables. Robust standard errors are estimated with clusters by city to account for heterogeneity and intracity correlations among the model residuals. Table 7 reports the estimated E 1 in the baseline models (odd columns) and models augmented with proxies for CFL attitude and knowledge (even columns) for different dependent variables and rooms. Columns 1-6 display estimates for the actual average watt-hours, wattage, and hours used daily per bulb; and the columns 7-12 display the corresponding variables adjusted with lighting capacity. The living, dining, and bedrooms are displayed in the top, middle, and bottom panels, respectively. Due to space limitations, the estimated FRHI¿FLHQWV IRU RWKHU FRQWURO DQG GXPP\ YDULDEOHV DUH RPLWWHG LQ WKH WDEOH First of all, the baseline models and augmented models yield highly consistent HVWLPDWHV 7KH VLJQ DQG VLJQL¿FDQFH RI WKH HVWLPDWHV DUH WKH VDPH DQG WKH PDJQLWXGHV DUH VXI¿FLHQWO\ FORVH EHWZHHQ WKH WZR PRGHOV IRU PRVW YDULDEOHURRP FHOOV 7KLV LPSOLHV WKDW D KRXVHKROG ¶V NQRZOHGJH DQG DWWLWXGH UHJDUGLQJ &)/V GR QRW JHQHUDWH VLJQL¿FDQW FR movements of CFL adoption and lighting consumption of electricity. The endogeneity of CFL adoption due to unobserved household preference with respect to lighting and environment, though existing in theory, is unlikely to be the driving force of our results. On the other hand, we note that the impact of the attitude and knowledge proxies is bigger for some lightingadjusted variables, e.g., watt-hours in the living and dining rooms, than the corresponding actual measures. Given the greater explanatory power of the augmented models, we focus our following discussions on the estimates of the augmented models.
On average, the CFL-adopting rooms consume about 200 watt-hours less per bulb per day than the zero-CFL rooms across room types. The reduction is largely attributable to WKH UHGXFWLRQ LQ DYHUDJH EXOE VL]H DV VKRZQ LQ FROXPQV DQG 7KH FRHI¿FLHQW HVWLPDWHV DUH DOO VWDWLVWLFDOO\ VLJQL¿FDQW DW OHYHO $V IDU DV WKH OHQJWK RI XVH LV FRQFHUQHG WKH EXOEV are used 0.73 hour (44 minutes) more every day in the living rooms with CFLs as opposed to without CFLs. Nevertheless, this estimate for the dining rooms or bedrooms is smaller DQG VWDWLVWLFDOO\ LQVLJQL¿FDQW 7KH UHVXOWV VXJJHVW D VWURQJ UHERXQG HIIHFW LQ WKH OLYLQJ URRPV LQ WHUPV RI LQFUHDVHG XVDJH RI OLJKWLQJ UHVXOWLQJ IURP HI¿FLHQF\ LPSURYHPHQW EXW QRW LQ WKH dining and bedrooms. When the dependent variables are adjusted with their lighting capacity, we obtain some interesting, contrasting estimates. Adopting CFLs clearly causes increases in watt-hours per bulb per day and average wattage of each bulb, after the lumen outputs in the CFL-DGRSWLQJ URRPV DQG ]HUR&)/ URRPV DUH HTXDOL]HG 7KH HIIHFWV DUH VWDWLVWLFDOO\ VLJQL¿FDQW DW WKH OHYHO H[FHSW IRU WKH EHGURRP PRGHOV ZKLFK GLVSOD\ DQG VLJQL¿FDQFH ZLWK respect to lumen-adjusted watt-hours and wattage, respectively. These results again point to existence of strong rebound effects across different rooms, and the enhanced lighting capacity per bulb may be another channel, in addition to prolonged use, that gives rise to the rebound effect. Using the sample statistics and regression estimates, we conduct an exercise to estimate the size of the rebound effect in household lighting in the next section. While the three kinds of rebound effects differ in mechanisms and share common or uncommon policy implications, more studies are focused on the direct rebound effect. )ROORZLQJ 6RUUHOO DQG 'LPLWURSRXORV WKH HQHUJ\ HI¿FLHQF\ H) of an energy service LV GH¿QHG DV
VI. REBOUND EFFECT IN ELECTRICAL LIGHTING USAGE FROM CFL ADOPTION
where S, is the amount of energy service produced per unit of device such as lumen-hours per bulb in the case of lighting, and E is the amount of energy input used to produce S, e.g., electricity in watt-hours.
and
7KH DYHUDJH HI¿FLHQF\ LPSURYHPHQW IURP ]HUR&)/ URRP WR &)/ URRP LV
7KH HI¿FLHQF\ HODVWLFLW\ RI HQHUJ\ GHPDQG FDQ EH REWDLQHG DV IROORZV
A capacity effect and a utilization effect, into which the rebound effect is decomposed, are respectively The dining room has a rebound effect of comparable size with that of the living room. However, it is dominated by the capacity effect, which suggests that households prefer to eat in a brighter environment but are unlikely to prolong the meal time when CFLs are adopted. Bedrooms have relatively smaller rebound effect and, similar to the dining room, tend to have more lighting than longer stay time in the presence of CFLs. 8 This stark difference between living rooms, and dining and bedrooms, may be explained by the fact that living rooms can serve multiple functions while dining and bedrooms' functions are relatively unique.
Our estimation is subject to bias due to endogeneity of the CFL variable not fully addressed by the model. It is possible that households adopting the CFL bulbs consume more electricity or demand more lighting than those not adopting. E 1 1 ( ) would be underestimated in the former case and E 1 4 ( ) would be overestimated in the latter, both of which result in an 8 Note that the estimate of E 1 3 ( ) for the bedroom is insignificant despite the utilization effect calculated based on the point estimate is as high as 11%.
XQGHUHVWLPDWLRQ RI WKH HI¿FLHQF\ HODVWLFLW\ RI HQHUJ\ GHPDQG DQG DQ RYHUHVWLPDWLRQ RI WKH rebound effect. In contrast, if households care more about energy savings are more likely to adopt the CFLs, E 1 1 ( ) ZRXOG EH RYHUHVWLPDWHG OHDGLQJ WR RYHUHVWLPDWLRQ RI WKH HI¿FLHQF\ elasticity and hence underestimation of the rebound effect.
VII. CONCLUSION
The ability to increase the adoption and ownership of CFLs within households can play an important role in closing the shortfall in electricity supply relative to demand in developing countries. The high cost of CFLs and lack of awareness or misperceptions on the life span of CFLs versus IBs are major factors preventing greater adoption and ownership of CFLs as a utility maximizing choice of the household. This suggests that households may be uninformed about the true savings that can arise from switching to CFLs from IBs. Ensuring minimum quality standards and carrying out informative campaigns on the life span of CFLs relative WR ,%V FDQ KDYH VLJQL¿FDQW HIIHFWV LQ LQÀXHQFLQJ D PXFK JUHDWHU QXPEHU RI KRXVHKROGV LQ Pakistan to adopt and own more CFLs.
While greater adoption and ownership of CFLs can help reduce electricity shortfalls, WKH H[WHQW RI WKH EHQH¿WV DFKLHYHG WKURXJK LQFUHDVHG DGRSWLRQ RZQHUVKLS RU UHSODFHPHQW RI &)/V GHSHQGV RQ KRZ RYHUDOO HI¿FLHQF\ RI WKH OLJKWLQJ V\VWHP DIIHFWV KRXVHKROG GHPDQG for energy. Households in Pakistan may not only be constrained by the price of electricity, EXW DOVR E\ WKH VXSSO\ RI HOHFWULFLW\ 2XU ¿QGLQJ WKDW &)/ DGRSWLRQ UHVXOWV LQ D VL]DEOH UHERXQG HIIHFW RQ WKH RUGHU RI ± IRU KRXVHKROGV LQ 3DNLVWDQ VLJQL¿FDQWO\ GLPLQLVKHV how much can be achieved in closing the gap between demand and supply of electricity through CFL adoption and ownership. Additional research is needed to understand whether informational campaigns and social pressure can also be used to reduce energy consumption as suggested by previous research (Reiss and White 2008 , Allcott and Mullainathan 2010 , Costa and Kahn 2010 . Nevertheless, even with substantial rebound effects, in countries where households are relatively poor, the ability to improve the household environment and OHQJWKHQ WKH KRXUV RI SURGXFWLYH DFWLYLWLHV PD\ KDYH VLJQL¿FDQW DQG SRVLWLYH LPSDFWV RQ increasing household welfare.
